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Non -small cell lung cancer (NSCLC) accounts for 85% of all lung cancers. 1 Additionally, lung cancer continues to be the most common cause of cancer-related deaths worldwide, with a 5-year survival rate of ,20% in patients in the United States (http://seer.cancer.gov). In the last decade, NSCLC management has advanced toward the stratification of patients based on the presence of key, actionable genetic alterations, with epidermal growth factor receptor (EGFR), Kirsten rat sarcoma viral oncogene homolog (KRAS) mutations, and echinoderm microtubule-associated protein-like 4 (EML4)-anaplastic lymphoma kinase (ALK) gene translocations as the 3 largest groups. 2 -5 The development of targeted therapy with tyrosine kinase inhibitors (TKIs) has led to improved outcomes for patients with EGFR mutations or ALK rearrangements. 6, 7 Brain metastases (BM) are a common complication in NSCLC patients. Approximately 20% to 40% of patients with NSCLC develop BM during the course of their illness, and this is associated with a poor life expectancy. 8 -11 Survival rates can range from 2 months if treated with steroids alone to 14 months if treated with a combination of stereotactic radiosurgery (SRS), whole brain radiotherapy (WBRT), and/or neurosurgical resection (NSG). 12, 13 One possible explanation for this variability in outcomes is the molecular heterogeneity of NSCLC, with BM behaving differently depending on the presence or absence of these known mutations. Recent studies have suggested that positive EGFR mutation status in NSCLC patients with BM is associated with increased radiosensitivity relative to other mutations, including KRAS. 14, 15 Other studies have reported that EGFR mutation status in NSCLC patients with BM predicted for treatment response to targeted therapies such as erlotinib. 16, 17 The purpose of our study was to determine whether EGFR, KRAS, or EML4-ALK mutation status predicted for overall survival (OS) and local control in NSCLC patients treated with SRS for BM at our institution. Furthermore, we sought to evaluate whether targeted therapies independently predicted for SRS BM survival response rates in these patients.
Methods
From July 2003 to August 2013, we evaluated 262 consecutive patients with NSCLC treated with gamma knife radiosurgery for BM at Columbia University Medical Center. A cohort of 89 out of 262 patients had genotyping available and were selected as our study population. The following variables of potential prognostic significance were captured from medical records: age (as a continuous variable at initial diagnosis of BM), race (Caucasian vs non-Caucasian), gender, histology, status of primary tumor (controlled vs not controlled), type of initial and salvage treatment of BM (surgery, gamma knife radiosurgery, WBRT), mutation status (EGFR, KRAS, EML4-ALK, or wild type [WT]), treatment for lung cancer (targeted vs nontargeted), number of BM, and extracranial metastases (present vs not present). Local and distant brain failures were assessed by reviewing follow-up brain imaging studies and were classified according to Response Evaluation Criteria in Solid Tumors. In-field local failure was defined by a ≥20% increase in the longest diameter of the lesion over nadir. Distant brain failure was defined as a new brain lesion detected on follow-up MRI that was not previously treated or present on prior gamma knife treatmentplanning MRIs. Half of the patients (n ¼ 45) presented with a synchronous diagnosis of brain metastasis along with or within 2 months of their NSCLC. Forty-four patients were diagnosed with metachronous brain metastasis, which was defined as brain metastasis diagnosed at .2 months after the primary lung tumor. 18, 19 We calculated the recursive partitioning analysis (RPA) class: class I included patients of age ,65 years, KPS score ≥70, controlled primary tumor, and no extracranial metastases; class III included all patients with a KPS score ,70; and class II comprised those not included in class I or III. 10 Graded prognostic assessment (GPA) scores 0 -4 were also calculated for all patients based on age ,50 years (1 point), 50 -59 years (0.5 points), or .60 years (0 points); KPS stratified by ,70 (0 points), 70-80 (0.5 points), or .90 (1 point); number of BM stratified by 1 (1 point), 2 -3 (0.5 points), or .3 (0 points); and presence or absence of extracranial metastases (0 or 1 point, respectively). 13, 20 Patients were stratified based on mutation status into 4 groups: EGFR, KRAS, EML4-ALK, or WT. Genotyping for NSCLC was performed at Columbia University Medical Center as a part of routine care. EGFR mutation status was detected by analyzing the EGFR kinase domain (exons 18-21) by polymerase chain reaction and capillary gel electrophoresis. KRAS mutation was detected by using the KRAS codon 12/13 amplification refractory mutation system -Scorpions assay and included G12 -34G, G12 -35G. ALK rearrangements were identified by fluorescence in situ hybridization (Vysis LSI ALK [2p23] Dual Color, Break Apart Rearrangement Probe, Abbott Molecular). Overall survival was calculated from the start day of the first treatment received for BM. Patients were excluded if they had incomplete information, including date and types of treatments or missing dates of death or last follow-up. The study was approved by the institutional review board of Columbia University Medical Center.
Statistical Analysis
For baseline variables, summary statistics were constructed by use of frequencies and proportions for categorical data and with medians and standard deviation for continuous variables. To determine significant differences between baseline characteristics, a chi-square test and one-way ANOVA were used for categorical and continuous variables, respectively. For categorical variables, column proportions were compared and P-values adjusted using the Bonferroni method at the .05 level. Survival curves were calculated using the Kaplan -Meier method and Cox proportional hazards model. Log-rank, Breslow, and Tarone-Ware tests were used to assess significant survival differences between groups. Patients lost to follow-up were censored for survival as of the last visit. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated by the Cox proportional hazards model. To identify baseline and clinical variables associated with OS time, multivariate analysis was performed with the Cox proportional hazards model. P , .05 was considered statistically significant. Analysis was performed using IBM SPSS version 20.
Results
Eighty-nine patients (43 female) were included in the analysis, with a median age of 63 years (range, 35 -89). Median follow-up was 12 months for all patients and the same for local control. No major difference in baseline characteristics was identified for this population, with the exception of a small group of KRAS-positive patients (n ¼ 10 [83.3%]) receiving SRS alone (Table 1) . Nineteen (21.3%) had EGFR mutation, 12 (13.5%) had KRAS mutation, 6 (6.7%) had EML4-ALK translocation, and 52 (58.4%) had no mutation. Of the EGFR-mutant tumors, 8 had exon-19 deletions, 4 had exon-21 L858R missense mutation, 1 had an exon-18 point mutation, 1 had an exon-19 deletion and T790M mutation, and 1 had an exon-18 point mutation and exon-20 insertion mutation (p.S768I). Specific EGFR mutation was not documented in the rest of the patients. Histology included 79 adenocarcinoma (88.8%) and 10 squamous cell/large cell carcinoma (11.2%). Study population was categorized into RPA class I ¼ 8 (9%); class II ¼ 70 (78.7%); and class III ¼ 11 (12.3%). GPA scores Wang et al.: Effects of mutation and targeted therapy on brain metastases of 0 -1, 1.5 -2.5, 3.0, and 3.5 -4.0 were determined for all patients. Forty-one patients received SRS only, 11 patients underwent SRS + WBRT, 25 received SRS + NSG, and 12 received all 3 treatment modalities. Twenty patients (23.5%) received targeted therapy, including erlotinib (n ¼ 13), crizotinib (n ¼ 5), and afatinib (n ¼ 2). Median OS for the EGFR, KRAS, EML4-ALK mutated, and WT cohorts was 17, 7, 27, and 12 months, respectively (P ¼ .019) (Fig. 1) . Median OS for the targeted and nontargeted therapy groups was 21 and 11 months, respectively (Table 2) .
On univariate analysis (Supplementary Table S1 ), targeted therapy was a strong predictor of increased OS (HR: 0.5; 95% CI: 0.2 -0.9; P ¼ .037). Age, gender, primary tumor histology, EML4-ALK status, primary tumor controlled status, RPA class, and GPA score were also significant predictors for OS (P , .05). Extracranial metastases were not statistically significant (HR: 1.5; 95% CI: 0.7 -3.2; P ¼ .261). Race and number of BM were not significant predictors. One versus multiple BM was not significant for OS (HR: 1.2; 95% CI: 0.7-2.1; P ¼ .513). There was no significant difference in median OS between patients with one or multiple BM (25 vs 22 mo, respectively). There was also no significant difference in survival between patients with synchronous versus metachronous diagnosis of BM (P ¼ .606). Fifty-seven patients had follow-up MRI available to Wang et al.: Effects of mutation and targeted therapy on brain metastases determine local and distant brain failures. When analyzed, both of these variables were not statistically significant for survival (Table 3) . Median OS for patients with and without local failure was 17 and 12 months, respectively (P ¼ .577). Local failures for EGFR, KRAS, EML4-ALK mutated, and WT cohorts by lesion were 8.7%, 5.4%, 4.3%, and 5.1%, respectively (Table 3) . Based on these univariate results, age, gender, histology, primary tumor controlled status, RPA class, GPA score, targeted therapy, and mutation status were included in the multivariate Cox proportional hazards model. On multivariate analysis, use of targeted therapy was a strong predictor of increased OS (HR: 0.2; 95% CI: 0.04 -0.78; P ¼ .022). Gender, primary tumor controlled status, RPA class, and GPA score were significant predictors for OS (P , .05). Primary tumor histology showed a trend toward increased OS in adenocarcinoma (P ¼ .067) ( Table 4) . On multivariate analysis, positive EGFR mutational status was a significant predictor for decreased survival (HR: 8.2; 95% CI: 2.0-33.7; P ¼ .003). In order to confirm this finding, we repeated the multivariate analysis by categorizing EGFR-mutant patients into 2 groups-group 1 included 15 EGFR-mutant patients who received TKI, and group 2 included 4 EGFR-mutant patients who received only chemotherapy. Results indicated that EGFR mutational status was no longer a significant predictor of survival (HR: 1.5; 95% CI: 0.5 -4.2; P ¼ .471). Positive KRAS mutational status also showed a trend toward decreased OS (HR: 2.5; 95% CI: 0.8-7.3) but did not reach significance (P ¼ .101).
Discussion
BM are the most common malignancy of the central nervous system, with NSCLC representing the most common primary tumor associated with BM. Given that somatic gene mutations can be detected in up to 60% of NSCLC patients, 21 we sought to investigate whether these mutations were predictive of survival and local control in NSCLC patients with BM treated with SRS.
We found that patients with an EGFR mutation had a significantly increased risk for death compared with patients with WT tumors on multivariate analysis (HR: 8.2, P ¼ .003). We believe that this is a false positive result given that after correcting for patients who received TKI, EGFR was no longer a significant risk for death. 22 -24 A trend toward poor survival was seen in patients with KRAS mutations, but this did not reach statistical significance (HR: 2.5, P ¼ .101). We also found that patients with an ALK gene rearrangement showed improved survival on univariate analysis (P ¼ .044).
There have been conflicting reports regarding the effect of EGFR mutation status on survival in NSCLC patients with BM. Eichler and colleagues 22 reported that in 93 NSCLC patients with BM, EGFR mutation status was independently associated with improved survival on multivariate analysis. Median survival Of the EGFR-mutant tumors, 8 had exon-19 deletions, 4 had exon-21 L858R missense mutation, 1 had an exon-18 point mutation, 1 had an exon-19 deletion and T790M mutation, and 1 had an exon-18 point mutation and exon-20 insertion mutation (p.S768I). Specific EGFR mutation was not documented in the rest of the patients.
Wang et al.: Effects of mutation and targeted therapy on brain metastases from time of BM diagnosis in EGFR-mutant patients was 14.5 months versus 7.6 months in EGFR WT patients. In this study 78% of patients with EGFR mutation received TKI after BM diagnosis, while 20% of patients with EGFR WT received TKI, potentially confounding the results. Another contributing factor may be the poor survival seen in the WT patients (7.6 mo vs 12 mo in our cohort), thereby exaggerating the survival benefit seen in EGFR-mutant patients. Targeted therapy with TKIs has been reported to improve the outcome of BM patients with NSCLC. 25, 26 A recent study from China reported the efficacy of TKI in EGFR-mutant patients with BM associated with NSCLC. 23 In 109 patients, half of whom had positive EGFR mutations, administration of TKI significantly improved OS independently of EGFR mutation status. The median survival in patients who received TKI was 31.9 months compared with 17.0 months in the non-TKI group. This is consistent with our finding that patients who received targeted therapy had a median survival of 21 months compared with 11 months for patients who did not (P ¼ .071). On multivariate analysis, we found the use of targeted therapy to be significant for improved survival. A similar finding by Mak et al 24 reported that patients with EGFR mutation or ALK rearrangements had significantly worse outcome if they were not on TKI therapy; median survival was 19.6 months and 9.0 months with and without TKI, respectively.
Regarding local and regional control of BM treated with SRS, we found that local and intracranial control were not statistically different among EGFR, ALK, KRAS, and WT patients. This finding is in contrast to a study by Johung et al, 15 who evaluated local and distant brain control for NSCLC BM treated with SRS stratified by mutation status. Seventy-nine patients with available molecular status and follow-up imaging were analyzed. With a median follow-up of 6.2 months, they reported that patients with EGFR and ALK mutant status had 100% local control rates, whereas KRAS-mutant and WT patients had local control rates of 82% and 81%, respectively. Distant brain failure was 43% in EGFR-mutant, 78% in ALK-mutant, 59% in KRAS-mutant, and 41% in WT patients. Overall survival was not reported. The authors concluded that EGFR-and ALK-mutant patients had more radiosensitive tumors. In contrast to their perfect local control rates, we found that patients with EGFR and ALK mutant status did in fact develop local failure despite SRS. One explanation for this is our longer In-field local failure was defined by a ≥20% increase in the longest diameter of the lesion over nadir. Distant brain failure was defined as a new brain lesion detected on follow-up MRI that was not previously treated or present on prior gamma knife treatment-planning MRIs. follow-up time of 12 months compared with 6 months in their study. This study has several limitations, including its retrospective nature, which opens the possibility of unforeseen variables and biases. Another limitation is that most patients did not undergo resection, precluding confirmation that BM lesions harbored the same mutation status as the primary cancer. The repeat multivariate analysis, done after further dividing the EGFR population, resulted in groups with a low n, which makes it difficult to draw the conclusions. Our sample size was limited by the substantial number of NSCLC patients who did not undergo genotyping. However, this cohort represents the entire NSCLC patient population that received SRS for BM at our institution. Despite these limitations, our study provides some insight into potential trial designs for future prospective studies, and we had sufficient power to perform multivariate analyses adjusted for many potential confounders. We believe that future prospective studies for lung cancer patients with BM treated with radiation should include collection of time to disease progression and quality of life data, as we did not routinely collect them. Furthermore, we are in the process of designing a test program for patients with newly diagnosed BM from NSCLC at our institution with the goal of allowing the use of adequate TKIs to treat BM as effectively as possible.
Conclusion
In the setting of SRS for NSCLC BM patients, our results suggest that EGFR tyrosine kinase mutant and ALK translocation tumors respond well to targeted therapies, whereas EGFR mutation status itself does not predict survival. Positive KRAS mutation status for NSCLC patients with BM trended but was not significant for decreased OS. Positive ALK mutation status trended for improved OS but lacked enough sample size to detect significance. There was no difference in local failure rate by mutation status.
